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- ABSTRACT: The obJectlve was to de81gn high quallty rear-projection screens

which could ultimately be made in a 30" by 30" size. A careful review of
the parameters required for high quality screens was made with the result
that appreciably more brightness variation could be allowed than originally
specified. To verify previous work on scattering particle screens and to
further investigate parameters significant to high quality screens a group
of experimental 12" by 15" scattering screens was fabricated and judged for
quality. High screen brightness was shown to be very desirable although

- the advantage of substrate absorption, at the expense of brightness, is’

noticeable for low contrast images. The best Corning scattering particle
screens and the best commercial screens are subutantlally equivalent.

Ienticular screens, conceptually, offer better performance possibilities
but are difficult to fabricate, particularly with the small lenticules re-
~quired for high resolution. A lenticular design, based on crossed cylin-
drical plastic lenses and a photographic masking technique, was conceived
and an operating 6-1/2" by 6-1/2" sample made. A ruling engine was used
to make a master from which the mold to cast the 2 mil lenticules was made.
The sample screen is approximately 2.6 times as bright as the nearest com-
parable scattering screen. In addition the lenticular screen maintains
contrast in the presence of high ambient light levels much better than the
scattering screen. The resolution of both types of screens are almost
identical. The regularity and small size of the lenticules causes an un-
desirable diffraction effect, as the analysis and photographs in Appendix A
shows. Suppression of the dlffractlon effect by randomizing the vertex
positions of the lenticules is analyzed in Appendix B.
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ABSTRACT -

The objective was to de31gn high quality rear—prOJection
screens which could ultimately be made in a 30" by 30" size.
A careful review of the parameters required for high quality
screens was made with the result that appreciably more bright-

. ness variation could be allowed than originally specified. To
- verify previous work on scattering particle screens and to
- further investigate parameters significant to high quality
screens, a group of experimental 12" by 15" scattering screens
was fabricated and judged for quality. High screen brightness
was shown to be very desirable although the advantage of sub-
strate absorption, at the expense of brightness, is noticeable
for low contrast images. The best Corning scattering particle
screens and the best commercial screens are substantially
equ1Valent

Lenticular screens, conceptually, offer better performance
_possibilities but are difflcult to fabricate, particularly with
the small lenticules required for high resolution. " A lenticu-

- lar design, based on crossed cylindrical plastic lenses and a

' photographic masking technique, was conceived and an operating
6%" by 6%" feasibility sample made. A ruling engine was used

to make a master from which the mold to cast the 2 mil lenticules
-was made. The sample screen is approximately 2.6 times as bright
as the nearest comparable scattering screen. In addition, the
lenticular screen maintains contrast in the presence of high
‘ambient light levels much better than the scattering screen., The
resolution of both types of screens are almost identical. The
regularity and small size of the lenticules causes an undesirable
diffraction effect, as the analysis and photographs in Appendix A
show. Suppression of the diffraction effect by randomizing the
vertex positions of the lenticules is analyzed in Appendix B.

Considerable potential exists for further improvement towards
an ideal screen., At least two possibilities exist for extending
the size to 30" x 30", However, to maximize the desirable
characteristics it is essential to investigate the fea51b111ty
of fabricating glass lentlcular screens, -

|_ "‘
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I. INTRODUCTION

€3

Thefprincipal objectives of this work were a review

of rear-projection screen performance requirements, opti-

mization of diffusing-type screens, and construction of
a practical, high-performance, lenticular screen. Emphasis.
was to be placed on the lenticular approach, and subsequent

evaluation of a group of diffusing test screens further

3 3

strengthened our conviction that a large performance im-

provement could come only by use of the lenticular coﬁcept}

2

II. . REVIEW OF PERFORMANCE REQUIREMENTS

€3

A. Requirements from Previous Contract

The screen performance objectives outlined in -

the previous contract were/essentially for an ideal

screen. These requirements, as stated on page 19 of

P-l9?30 ~are reproduced here in Tdble I. Brightness
Varlatlon was defined as '

v _ + Bmax'-- Bmin
: B + B_.
max . min , : :
where Bmax is the maximum and Bmin the minimum bright-

ness within a specified range of viewing'angies. A
‘value of V = x 0.33, e.g., is equivalent to the.

brightnese falling to half its maximum value. Efflclency

T45 was defined as the diffuse transmittance into a % 45°
- half-angle cone centered on the normal to the screen.

Similarly Td was the Diffuse transmittance into such

a + 90° half-angle COne. Since T spec is negligible'

for practlcal screens, T, and T

compared with T a 50

were
a

used interchangeably. ¢
B. Revised Requirements

As a flrst step in the production of usable rear-.

préﬁ jon screens in actual projectors we undertook

a fevi of these spec1f1catlons. ‘Since the sultablllty

(3 €CJ €2 C3 O €1 D 1 0 2 2
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- Screen Property

Resolution
" Initial Goal
Final Goal

Diffuse Reflectance (Rd)

.Brighthess variation (V)
,Efflclency (T45)
- Diffuse Transmittance (Tg)

Specular Transmittance

(T )

spec
" Color Fidelity

Size

3

. *Relaxed to + 30% - = 40% at end of contract.

- P-19- 53 54,
.55 and_56

 Tab1e I. Screen Performance Requirements for Previous Contract -

Screen Performance Requirement

~ 'MIF > 0.9 at 10 cycles/mm

MIF =2 O 9 at 20 cycles/mm

Equlvalent to that of black
velvet.

ki 15% withln a =x 45 Vlew1ng

angle.
100%

100%

0

. Minimum color contribution.

= 30" x 30"

- Declassified in Part - Sanitized Copy Appreved fdr Release 2012/09/06 X CIA-RDP79BOOS73AOO1900010ﬁ 17-5



»

Declassmed in Part - Sanltlzed Copy Approved for Release 2012/09/06 CIA RDP79800873A0019000101 17-5

3*

of a screen must finally be judged by the user on a.
" subjective basis, both objective and subjective

criteria were considered. TheAlist of properties

and specifications, taken from P—19—32,4appears

here in Table II. The important properties are

listed aiong with qualitative, or'subjective; speci—'

fications, where applicable. These are followed by

what we considered to be’feasonabie and attainable
- quantitative, or objective, specifications. In some.

cases the values for lenticular screens differ from
those for diffusing screens. '

These specifications were written for a v1ew1ng‘

_ distance of no less than 14". It was assumed that

the screen would be used for scanning of imagery and

that for close scrutiny the screen would be bypassed'

(2

by use of an aux111ary magnifier. Hence it was
possible to ease the MTF requirement. Even though'v
ambient light was expected to be well controlled,
front reflection was minimized in order to preserve‘u
contrast in dim aress of the imagery. Diffuse re;
'fleCtance R referred to the scattering layer alone
- and the rather hopeful value of 5% was chosen because
such low values, consistent with moderate brightness
Varlation had been prev1ously measured in some

Cornlng materials.

The brightness variation gradient of 2% per 1nch
was added to take care of '"hot spots“ associated either

with excessive gain drOpoff specular transmission, or

possible gain variations w1th angle in lentlcular

screens .

For a scattering screen meeting the brightness
variation requirement and also having sufficient sub—

_strate absorption (about 50%) to_reduce the effective

23 C3 3 3
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-

/s
/

Property

"Diffuse

(Tys)

trum. -

Spectra

(aT)

i)

4

P-19-53, 54,

-55 and 56

Table II. Screen Performance Requlrements as Rev1sed Durlng
Flrst Stage of Current Contract

Reguirement

1. Resolution

2. Front refléctioﬁv.

Specular

3. Brightness
Variation

4, Eff1c1ency

5. Color Effects

Screen trans-
mittance spec-

Color variation
with bend angle.

'Diffracfion'.'

Scintillation

6. Trapped Light

Qualitative

Screen should
not appear to
limit resolution._

Reflected images
should not be’

- distracting.

Should not unduly
restrict ambient
light level.

Should not force
operator to change
head position.

No "hot spot™

~Quantitative
'MTF > 0.7 at 10 mm~

Should not be
strong enough to
be a distraction.

Contrast éhould be-
‘maintained adjacent

to bright areas of

- imagery.

1

< 0.5% at all v1ew1ng

angles.

< 5% for scatter-
ing screens. Less
for lenticular screens.

No more than + 25%

over the screen.

No more than 2% per
inch gradient.

20%-30% for scattering.
- 60%-80% for lenticular.

O < O'l,
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5

diffuse reflectance and the trapped light, the

~efficiency is, even theoretically, no greater than .

20 - 30%. Lenticular screens can in principle be
made 100% efficient, but practical considerations

sgggested the somewhat lower goal indicated.

Color wvariation with-bend angle, non—uniform
spectral transmittance; and colored sparklé‘or .
sCintillation have all been observed in scattering
screens. In lenticular screens we expécted in
addition to observe diffraction colors under somé
c@nditions. A possible quantitative limit on these
color variations was suggested based on Mac Adam's
data on just noticeable differences in chromaticity
discrimination for‘different positions on the chrom-
aticity diagram;2 These‘data imply that the addition
df’approxihately 1% of monochromatic blue or red light
to a white backgrdund is just detectable, while about

0.3% of monochromatic blue-green is just detectable.

Except for item 6 these requirements were dis-
cussed in more detail in,P~l9—32? The trapped light
ratio Qq Was explained in P—19—39? This is a measurable

screen parameter defined as.

g = By/B, " ¢

'~ where By is the directly transmitted screen brightness

and BT is the spurious additional brightness due to

. trapped projector light. It can be related to ob-
. served contrast by ‘

which shows how the observed contrast M, as a fraction

+

of contrast Mg presented to the screen, is reduced in

thé presence of trappéd light when the average screen

- brightness is N times greater than the brightness of

" the local area being observed.

Declassified in Part Sanitized Copy Approved for Release 2012/09/06 : CIA- RDP79800873A0019000101 17-5
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LJ 6
D" o . C. Current Screen Performance Requirements
[]U' The current perfdrmance objectives are based

jointly on somewhat different viewing condltlons

(i.e. 26" v1ew1ng dlstance and 100" minimum prOJector—
:to——screen distance) and the experlence we have galned
with a partlcular 1ent1cular screen de51gn. The new |

obJectlves are listed 1n Table III.

i
)
‘ - o » The brightness varlatlon requlrement is quite
[] "fstrlngent "~ For example, the Polacoat LS-60 screen
“ has 63:i = 30° and fer bur sample lenticulaf screens
[: :"'63:1'= 22 - 25°. However,vwith proper tailoring of
lenticule shape and material it may be possible to
C

attain such a broad, flat angular coverage. If so,

the axial gain will necessarily be lower than for a
-.narrower distribution. This tradeoff needs to be
considered carefully. Whatever distribution is chosen,
however, the efficiency with which light is transmitted
_into the useful v1ew1ng volume will be 2 or 3 tlmes
greater than for an equlvalent diffusing screen.

Because of the discrete perlodlc nature of the
array - of lenticules, the MTF in principle depends on
‘the angular as well as the translational position of
the sine wave target with respect to the lenticules. v
As the spatial frequency is increased until the period

of the sine wave is of the same order as the 1enticule

Therefore instead of MTF, we use the terms sine wave
- .and square wave modulation which can be-measured in
such a way as to approximate the eye's avefaging over
the lenticular sampling points and yield a nearly ,
unique result at 5 mm_1 though perhaps not at 10 mm—l.
Ideally, the contrast presented to the reaf of

the screen by the projector should be presented to the

C’. , SPacing the MTF becomes less and less well defined.

Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 CIA RDP79800873A0019000101 17-5



Table III.

1. Brightness
vVariation

Gradient

. 2. Efficiency

3 2 €O €3 > O3 Ef“

Resolution

o

"4, Contrast
‘ Retention

Specular
Reflectance

2 T3 O3

Diffuse
Reflectance

Trapped Light

—

5. Color Fidelity

Screen trans-
mittance spec-
~trum.,

Color variation
with bend angle.

6. . Spurious Effects’

23 C2 ¢33 T3

Diffraction
Spectra (Includes
Specular Trans-
mittance)

V E ——— 3

Scintillation

. _fr_

) Propertv o

7.

Declassmed in Part Sanltlzed Copy Approved for Release 2012/09/06 : CIA- RDP79800873A0019000101 17-5

P-19-53, 54,
- 55 and 56

Current Screen Performance Requlrements

,Requirements
Qualitative Quantitative
Edges of screen Horiz. © > 39°
should not appear Vert es:l - g90
dark. : ' : 3:1 7 7 o
: Diag. 63,1 2 51

No "hot spot"

Screen should not

“appear to limit

resolution.

Contrast should
not be degraded by

trapped or ambient

light.

Reflected images
should not be
distractingd.

Coior effects
should not be

- strong enough to.

be distracting and
colored imagery
should be faith=
fully reproduced.

Not visible under
conditions of pro-
jection.

(Brightness falls
to 1/3 peak value

at bend angle 63 1)

s 2% per inch gradlent-

T = 80%
P

. Transmittance into

pyramidal solid angle .
of vertical and hori- .
zontal half angle 83 1

Sine-wave and/or

- square-wave modulation

> 0.90 @ 5 mm~ ;.

R s 2%
. Spec
RD < 3%

< 0.3% small area

< 0.1% large area

O
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8

_viewer. Retention of contrast is affected by

diffuse and specular reflectance and by trapped

light. (Specular reflection is also obJectlonable
because of its distracting effect.) The masked
lenticular screen inherently preserves contrast well.

The configuration in which the second set of cylin-

drical lenticules faces the observer presents a uhique
set of reflection properties. The true specular re-

'flectanée may be identified with the zeroth order of

2

the reflected diffraction pattern and is much smaller
than the reflectance of a flat plate. The remainder

of the total reflectancé, which we have called:diffuse

reflectance, is not truly diffuse but has strong

directional properties which make ambient light con-

trol measures even more effective. 1In the case of

(3

isotropic ambient light, the value of Ry, obtained by

the usual -integrating sphere method is an accurate

3

‘measure of the effect. An antireflection coating is
needed to mdlntaln RD S 3%. |

The trapped 11ght ratio s is a partlally arbltrary
parameter in the sense that it depends on the illuminated
- screen area, the blacked out area, and the detector ac-
céptance angle. But'if these conditions are standard—-'
ized a valid comparison of diffusing and lenticular |
screens can be made and the results can be related to

' the visual situation.

Color fidelity is assured if the screen material

transmlttance spectrum 1s flat, the spectral trans-

3 1 €323 €2 €2

mlttance of the screen does not ‘vary with bend angle,

there are no visible diffraction spectra and no

€2

scintillation.- If necessary'thé material transmittance

spectrum can be compensated at the source, and it does

32

not vary with bend angle@ Color dispersion occurs,

'however, producing a color -variation with bend angle
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which shows'np as color'fringes at 1arge angles where
the'intensity is dropping rapidly. fhe diffraction
pattern can be rendered invisible by sufficient ran-
domization of the lentlcules and adjustment of pro-
IJector aperture. (See Appendlces A and B. ) Specular
, transmittance may be represented by the zeroth order
of this diffraction pattern and»successful cancella-
;tion of the diffraction pattern implies no observable

specular transmittance. ‘Scintillation is minimized

| by attaining high optical quality throughout the

screen. These color effects have been identified and

means formulated for remedylng them but it remains

.to set quantitative 11m1ts

DIFFUSING SCREENS

Purpose of Program

Useful sized diffusing type screens were to be
optimized with respect to the property requirements of
Table II above. The effects of substrate darkening and

antireflection coating in particular were to be investi-

"gated with these screens. Objective and subjective

testing programs were to be carried out on the screens

- and comparison made with available commercial screens.

,Fabrlcatlon and Description of Screens

A dlffu31ng screen fabrlcatlon process was devel-

oped by'the,Electronlc Products Division of Corning

‘Glass Works, and adapted to our needs. A film of giass

particles in an organic binder was knife-cast onto a

gray plate glass substrate. A second glass plate was

antireflection coated and bonded to the first plate pro~

ducing an optically»Continuous substrate with scattering
layer on one side and antireflection coating on the other.
The transmittances of the plates were selected to give -

four different resultant substrate transmittance values.

Declassified in Parf - Sanitized Copy Approved fodr Release 2012/09/06 : CIA-RDP79BOO873AOO19000101 17-5
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A.iarge numbei of smail sample screens were casf,
with scattering layer thickness as a variable. Test
results on these screehs'gave the empirical curves of
brightness variation, efficiency, and diffuse reflect-

. ance, as functions of axial gain, shewn as solid eurves
~in Figs. 1 through 4. 'From'theSe_empirical curves, we
made a seiection of axial gain:values to cover- a range
of screen property values near Wﬁat was expected to be
optimum. Eight full-size 12- 1/8" % 15Vl/8” screens
were cast hav1ng the seleeted axial galn values and were

~then intensively tested. The 1nd1v1dual p01nts on Flgs

Table IV lists the samples and the values of the param—
eters which Were independently varied Two types Of
scattering layer were represented, dlstlngulshed by the
glass volume to binder volume ratio. Three levels of
scattering layer axial gain were chosen and four values
of subetrate trahsmittance, Screens AL-4 and AL-5 had
semewhat less favorable properties than the AQ and AR

series,‘asAcan be seen in Figs. 1 fhrough 4.

C.” Objective Testing
Objective test results for the eight large screens
and a sample of Polacoat LS60G1l/4 then currently in

use by government personnel appear in Table V. The

Ej> A '__' ";. 1 through 4 represent data on these full-size screens.

axial gain, brightness variation, efficiency, and

r:ﬂb - 4 . diffuse reflectance of the scattering layer alone were

measured by the methods described in preceding Final

EJ . . . . Report P—19—30}

The square-wave modulation measurements were made
with a square-wave mask in contact with the scattering

‘layer on. the illumination side Qf the screen. The

[J o . illuminated portion of the screen was projected onto a
viewing plane containing a narrow slit oriented parallel

. Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 CIA- RDP79800873A0019000101 17- 5
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P-19-53, 54, 55 and 56
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Figure 1. Brightness variation YV45 versus axial gain for the AQ and AR Seriesv

~screens. Solid curves represent the average of the data from many= screens.

Ind1v1dual points represent data for candidate screens of Table IV.
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" Figure 2. Brightness variation Vv versus axial gain for the AR Seri
. screens. Solid curves3Orepresent” the gverage of th‘éQiigrtnail ‘f?‘oieflr:\ég?z
screens, Individual points represent data for candidate screens of Table IV. -
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Figure 3. Diffuse transmittance Tg into the forward hemisphere and diffuse transmittance . af”
. . T into the forward 30 8egrees half-angle cone for the AQ and AR Series screens. —- 0w
30 . ) P O O R
Solid-.curves represent the average of the data from many screens. Individual 3 o

points represent data forv candidate screens of Table IV. o
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Figure 4. Diffuse transmittance ’I.‘45 into the forward 45 half-angle cone and diffuse g o
" reflectance Ry for the AQ and AR Series Screens, versus axial gain. Solid © :
curves represent the average of the data from many screens. Individual
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 Table IV

2

Values of the independent Variables,‘ glass-binder volume
ratio, axial gain, and substrate transmittance, for the eight

 screens submitted for subjective testing.

| Sample ' ~ Scatter Layer .}l Substrate
v ‘ o " Trans.
glass vol. Axial Gain { 7
f . binder vol. B(0) {i s
% - AQ-18 - 0.57 ' © 3.54 | 69
?[j - - AQ-11 - 0.57 | .3.96 B 46
; AQ-17 0.57 o339 b 33
| D'_ ' AQ-20 0.57 L 3.2 S22
| AR-28 0.57 - 6.14 69
i [j AR-27 . 0.57 . 6.07 46
| [J AL-4 | 1.0 . 5.3 . 69
AL-5 1.0 ~ 5.19 46

: Declassified in Part - Sahitized Copy Approved for Release 2012/09/06 : CIA-RDP79BOOS73AOO19000101 17-5.
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Table V

P-19-53, 54,
55 and 56

Obj‘ectivé Test Data on Eight Corning, and One Commercial, 12-1/8" x 15-1/8" Screens

Sample Scattering Layer Only Complete Rear-View Screen
o v v T T T R T B(O)T T,.T|T..T|RT_2
0 4 0 Q
B(0) % 5‘ 93 290 235 | 430 oD %S s | 9457s| 4307s| "Dys 5T
AQ-18 3.54 | 51 34. 66 47 30 9.5 69 | 2.45 32 |21 4.5 - 0.63
AQ-11 '3.96 | 56 38 - 68 49 32 10.7 46 1§ 1.82 23 |15 2.3 0.133-]
—— S e e —\ . . ~
AQ=17 '3.39 | 50 36 64 45 29 9.5 33 1.12 t 15 {10 1.03 0.081
AQ-20 3.12§ 46 | 29 62 45 28 9.5 22 0.69 10 6. 0.46 0.062
AR-28 - 6.14 i 72 54 73 57 41 9.5 69 | 4.23 39. |28 4.5 0.24
-AR-27 1 6.07 | 70 53 74 | 59 41 9.5 46 2.78 27 |19 2.0 0.086
AL-4 5.30 § 72. { 62 56 39 26 20 69 3.66 27 118 9.5 0.74
AL-5 5.19F 72 1 62 54 38 26 20 46 2.39 . 17 Q2 4.2 0.135
LS-60 - 73 | 51 - - - - - | 4.35 43 BO 2.0 0.11

_ " Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 : CIA-RDP79B00873A001900010117-5
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P-19-53, 54,

55 and 56
17
Table V (Cont.)
Sample . SCATTERING LAYER ONLY
Thickness - . . Squar? Wave Mx:)dulation1 -
(microns) o 0. mm” 15 mm 10 mm~ 15 mm~
. AQ-18 ©o82 1 0.970 0.867 : ~0.716
AQ-11 74 R T 0.974 0.908 0.788
AQ-17 - 80 ‘ 1 0.976 . 0.888 - 0.700
AQ-20 | . 89 1 .. . 0,91 ~0.819 - ‘ 0.653
AR-28 | - 72 | 1 0.971 - © O 0.943 . 0.844
AR-27 78 : 1 . 0.985 . 0,920  -.0.820
AL-4 32 ' 1 - 0.975 7 0.934
AL-5 22 I 1] - .0.985 - 0.895
Ls-60 | 76 1 0.959 0.924 0.550 -

Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 : CIA-RDP79B00873A001900010117-5



Declassmed in Part Samtlzed Copy Approved for Release 2012/09/06 : CIA RDP79800873A0019000101 17- 5

~ to-the alternating clear and dark bars of the square—'
wave mask. The mask contained sets of bars at various
spatial frequehcies. Mask.and screen were clamped to-
‘gether and translated elowiy across the projection .
lens focal plane, producing maximum and minimum odtput
voltages from a detector placed behind the slit. The

glass substrate of the screen, was indepehdently
measured and taken into account. Furthermore; the
111um1nated area of the screen was kept small enough
to preclude degradation of contrast by trapped light.
The quantlty we have measured is thus a characteristic
of the scatterlng layer only, 1ndependent of the sub-
.stratevthlckness or transmittance. The spectral region

 for the measurement was 480 - 580 mi. We avoid the

E]- I o modulation of the optical system, including the 1/4"

- term MIF and call this result square-wave modulation

because it may not be rigorously equivalent to any of
the transfer functions of linear systems theory. How- -

ever, it does form an objective basis for comparison of
resolution performance.

Parameters appllcable to the assembled screens
were calculated from substrate transmittance T and
uthe scattering layer,data, except for thevtrapped _
light ratio aT} This was measured on the'completed'

T _ , . 4
screens by a method described in P-19-39.

angle are given in Figs. 5 through 8. Figure 9 shows

the effectiveness of the antireflection coating.
D. Subjective Testing

The eight experimental scattering-type éoreens and
one Comme:cial scattering-type screen were evaluated
in terms of observed resolution and judged quality by
the Aerospace Group of the Boeing Company. Their final

report is included in P-19-47 and 48 as an appendix.

[: . ~ The normalized curves of brightness gain versus

Declassified in Part - Sanltlzed Copy Approved for Release 2012/09/06 CIA- RDP79800873A0019000101 17-5
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Figure 5. Normalized gain versus angle for candidate
screens AQ-20 and AL-5.

Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 : CIA-RDP79BOO873AOO19000101 17-5



I-l HE EE U AR A O O BN BN IS AR N B B R B B

Declassified |n Part Sanltlzed Copy Approved for ReleasedZO12/09/06 CIA- RDP79800873A0(1)19000101 117 -5
-19-53, 5

55 and 56
July 17, 1970

)
]

.
[=23
'x‘
7 g
N0

AN

e
1

[},
Dus.
;

¢

il

N

0

-

y
@—-—; Dl

g’

-~
e
.
”

-
©

08 ‘ =
03 v e
N7

NORMALIZED GAIN B(©)/B(0)
Gﬁ

01

.03

.02

0 e a0 30 40 o go Yo 0 9o - -

e (DEG.)
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In the quality tests, each of the 12" x lS"iscreens

was compared.side by side with every other screen in a

-made by several experienced-photointerpreters and a

. quality scale factor Z was determined for each screen
ddependlng ‘on how many times it was chosen as the better
screen. For the resolutlon tests, a standard IJSAF tri-
bar resolution charge was prOJected onto the screens ‘

and the photointerpreters recorded'the highest resolv-

E_ At , projector using standard'imagery; ‘Observations were

~able spatial frequencies. The correlation of these

quality and reSolution»judgments with measured screen

j properties'such as axial gain, brightness variations,
= substrate transmittance, etc., was then investigated'”
j‘ In general, the differences among screens were found
= to be small both in Judged quallty and in Judged

B resolution.

L3

Some " of the.principal results are displayed in
Figures 10 through 12 reproduced from the Boeing report.4
In quality test I, projector output was constant and

‘'screen luminance varied from 10 fL to 107 fL, depending

O3 3

" on the screen gain. In quality test II, the screen

3

* luminance was kKept constant at 10 fL for all screens,
In Quality test fIIn‘screen 1uminance was adjusted to

'730 fLL for all excopt screen AQ-20, for Wthh it was 14
fL. A p0s1t1ve value of Z means higher than average
quality. Imagery of normal contrast and of low con-
trast was included in the tests. Resolution tests also
were conducted under‘constant projector output ('normal
1uminanee”) conditions and under constant screen lnmi§

nance ('"controlled luminance') conditions.

E. Conclu51ons
‘ The following conclu81ons are based on the remain-

der of the observatlonal data and detailed dlSCUSSlOD

4
reported in P-19-47 and 48.
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T IIX
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4Q-18
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L3-603

AR-28

/=20

Screen Quality scale values

in each test.
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Figure .11. Effect of imagery contrast on screen quality scale
-values in each test.
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1. ’YNO one screen was Judged superlor in quallty or
| resolutlon under ‘all conditions. Screens AL-4
-~ and AL-5, which had inferior objective test
results, also performed poorly in the subjective
tests. - ’ '

2}" The differences among screens under subjéctive
' testihg were found to be small both in judged
‘quality and in judged resolution. It wasdpossible'
dto‘deduce from the data that'contfast loss in the
projector énd'insufficient'projector brightness
limited the resoluﬁidn.of all screehs, thus re-

ducing observed differences.

3. Substrate absorption is effective in disériminating
| againét ambient light. For example, in quality
test II, where ambient light was an important
factor, there was extremely good correlation-be-
~ tween qualify and R ¥ 2, as shown in Fig. 13. 1In
addition, darker screens appeared to perLorm better

for low contrast resolutlon targets°

LENTICULAR SCREENS

-Introduction'

Some work on lenticular screens was performed under

. L 1
the previous contract and reported in P-19-30. It was

,recognized_theﬁ that lenticular light-spreading devices

are not subject to the same limitations as scattering

screens. Conceptually, lenticular screens can simul-

 taneously idealize many screen parameters. Fabrication

'difficulties, however, have prevented the wide use of

lenticular rear-projection screens. Therefore, in

order to prove the feasibility of Lhe concept, we sought

"to fabricate a worklng hlgh-resolutlon lenticular screen
‘ u51ng whatever technology appeared easiest and capable
~of extension to large size screens. A 6-1/2" x 6-1/2"
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- sample screen was producéd, evaluated, and delivered
to the sponsoring agency. This screen exhibits the
‘major advantages of the lenticular concept'aﬁd‘holds

promise of further improvement and size extension.

B. Design
' The crossed cylindrical lenticule scheme illus-
trdted in Fig. 14 has two important advantages over

other possible configurations. One is the economy of

lenticules, each formed by a single rectilinear opera-" ‘

tion, produces an array of n2 effectively spherical
1enticulés. ‘Second, the’resulting>square array of len-
'ticuleé is close-packed, wasting no space. The cohe
figuration which we have pursued, which has the second
set of lenticules facing the observer, is casiest to
fabricate bécause allAcomponenfs'CAD be bonded together

‘into a continuous solid sheet. If the second set is

D K © . effort which results from the fact that 2n cylindrical

reversed so that both sets face the projector, more
effective maéking.becomes possible at the expense of
idifficulty in fabrication; i.e., the two sets of len-
:ticules must be separated by a low index material,

ideally air.

“with pupil sizes and diffraction effects show that the
“image perceivéd by the eye consists of an array of
small zone samples of the projected image. One zone

occurs at each crossing of a lenticule from the flrst

E] Consideration of ray paths in Figure 14 fogethef

'set with one from the second set. These zones are
small compared to the lenticule size. The thickness

‘of the substrate, which serves for mechanical support

~planes in which .vertical and horizontal light spreadf

@ ' _ oniy,-causes an astigmatic effect by separating the
B ingvoccur. The depth of focus of the eye, together
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" Figure 14. Schematic diagram of masked lenticular screen. .
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- with the relatively thin substraté‘thickness of 1/16"
prevehts degradation of the projected image due to

astlgmatlsm

The Flrst Set of Lentlcules'

For ‘an arbitrary convex cylindrical surface, the

" dependence of light spreading on refractive index and

geometry can be calculated by reference to Fig. 15.

The entering ray, essentially normal to the plane of
~the screen, strikes the first cylindriéal surface at

an angle 91’ with respect to the surfaée normal, and
.is,refracted at an angle_ez. A second refraction
~occurs at the second surface yielding a spread angle 63

For the pPlane of incidence normal to the axis of the

cylinder, the angle 63 lies in the same plane as Sl and

Gz'and the spread angle is given by

e n . ' R N .

sin f4 = Hg» sin 0, - arc_sln (Hf sin 91), (3)
.where n,. is the refractive index of the surrounding

medium :nd n is the refréctive index of the lenticule
material. Figure 16 shows 63 dalculéted from this ex-
» 0
. From. these curves it can be seen that for a given 91
the spread angle 1s increased by incfeésing the relative
refractive:index n/no. If we‘require'a spread angle 93
' 45°{.and if we select n/nO as high as is practicable,
then the'maximum‘required 61 is determined. It is -
desirable to keep the makimgm value of Olrsmall in
ofder.to minimize reflection and to minimize the.diffi—
~culty of producing the required lenticule shape. The
lenticule spacing w is given by »
_ w = 2R 51n‘91 , : (4)
Where R is the radlus of curvature of the cyl:nder at

. .the point in question.. For a circular Cyllnder and
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sufficiently small values of ., the focal léngth
is - o | o '

ng R‘= ng " wl
n--nO . n-no 2 sin el

This is sufficiéntly good approximation'for present
. . purposes. Since we wish to place a mask at the focal
V o plane of the first set of lenticules, the total thick-
ness of the first lenticular sheet is given by eq. (5).
" The first lenticular sheet was thus designed as in
Fig. 17, with : | A

Relative refractive index %—‘= 1.5

. : S ¢

?[jg Half-angle of cylinder 0, = 45°
Maximgm‘angular spread 6y = 25°
Lenticule width w =:O.OO2Ainch
Lenticule height h = 0.000414 inch
Lenticule radius R = 0.001414 inch

- Focal length f 0.002828 inch

Thickness, excluding masking 4 = £-0.00025 inch
: : ' = 0.002428 inch.

I

The Second Set of Lenticules

O 3 3 32

When the light passes through the same lentlcules
~in the reverse dlrectlon the light spreadlng is

different. (See Fig. 18) The maximum spread half-
angle is 90 minus the crltlcal angle. §.= 41.8° for
an index of 1.5 giving a maximum spreading half angle
of 48.2°. For ¢, between 41.8° and 45°, the light is
totally internally reflected, thus wasted and con- .

tributing to trapped light. This defect was accepted,
‘however, in order to get maximum spreading by the
first set and yet use the same design for the second
set. |
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Figure 18. Optical paths through second set of lenticules.
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Fabrication .

‘The present method of constructlon is based on
castlng epoxy lenticule. caps on either a film sub-

strate for the masked lenticule set or a Plex1glas3

~acrylic substrate for the unmasked lenticule set.

The film lenticule set is exposed through the lenti-
cules in a geometry approximately simulating the

projector. The film is then developed and reversed

to give clear windows at the lenticule foci & with
dark spaces between. An unmasked and a masked

lenticule set are then cemented together, at 90O to

screen.

- Fabrication of the mold f@r'castlng the epoxy
\
,ep 1n ‘the process.
A master, cons1st1ng of cyllndrlcal furrows is ruled

into aluminum with a - cyllndrlcal diamond tool. The

- ruling removes metal, due to the large size of the

furrows compared to normal grating grooves, rather . '
than burnishing the grooves into the metal. Metal was

removed in small increments so that the last cut was

- small to give a good surface. A reversed copy of the

master, having cylindrical ridges, is then made in
nickel by the electroform process. The nickel secondary
is used as a mold to make a polyprOpyléne replica of the
original rﬁling. The mold is made in a heated pléten

molding machine, operating at 375°F in the pressure
- range 50 to 100 pounds per square inch., Many nickel

" replicas. . : can be made from one master ruling and

many polyprbpylene replicas can be made from each nickel

replicas -.
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. The polyproleene mold is used to cast the
lenticule caps onto substrates. ‘Epoxy (Emerson and
Cumins Stycast # 1266) wifh 25% excess hardener is
used for room temperature setting and to lower the
viscosity. before setting. No parting agent is used
‘and the polypropylene mold can be used about ten
times before the epoxy begins adhering to the mold.
The design of the masked lenticule set, see Fig. 19,

requires that the cusps of the mold virtually touch

the film to ensure that the lenticule focus is in

the emulsion. Thus, careful squeezing out of the
excess epoxy from between the mold and film is required.
In addition, bubbles must also be squeezed out. Cur-
fently bubbles are squeezed out'successfully but theref
is normally up to O. OOQT'of epoxy left between the

mold cusps and the film.

The film used for masking provides the mask, acts
as a spacer between lenticule caps and the mask, and

has surfaces compatible with adhesives. The film is

.:a 2.5 mil thick Estar® base with 649GH emulsion and

no dye in the réverse side. The reverse side is coated
with clear gelatin. The emulsion and gelatin are

bonded to the Estar® base during f£ilm manufacture.

In screen fabrication the developed emulsion and

gelatin adhere well to the epoxy used for bonding the

- screen components together and for the lenticules.
‘Many different substrates and coatings and even mechani-

cal roughening were tried before successful bonding was

accompliShed, It is now suspected that sticking of the

epoxy in the mold caused much of this difficulty and

the epoxy may - not be as selective as had been thought.

. The exposure scheme used to form the windows is
shown in Fig. 20. A fluorescent lamp provides a uniform

extended light source with the end baffles being used
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to determine the length L actually used. The
distance S determines the size of the image of L
formed at each lenticule chns. To allow for variable

geometry between the projection lens and the screen,

"and for fabrlcatlon toleratices causing defocusing at .

the emulsion plane 'a window size of one-third the
pitch of_the lenticule was chosen. Thus S was chosen

so that the image of L in the lenticule window is

- 0.00067 inches. The actual geometry used is L = 5",

S = 20", The film is developed and reversed to give
the required masking pattern. The 649GH is very slow
and'insénsitive and can be handled in red'light‘easing;

lenticule casting and film processing problemns.

The masked 1ent1cule set is bonded to the plane
31de of an unmasked lenticule set to give the assembly
shown in Fig. 14. EXperlmentatlon with a large number
of bonding materials led to the choice of either East- A
man 910 adhesive or Summer Laboratories' Lensbond
optical cement for the bonding of photographic emulsions
to polyester sheet or to glass. The Eastman 910 ad-

hesive was found to produce'a stronger bond but more

~ distortion of the interface upon setting. The Lens—

bond optical cement produced a uniform, but only
moderately strong, bond and less distortion, There

was much less distortion when the thin polyester

sheet or the emulsion were bonded to a glass plate.
Subsequently, Scotch- Wel&D 3520B/A Structural Adhesive
was also found to be suitable. Currently, we are using
the same epoxy for this purpose as for‘casting of len-

ticules.
Performance

To date ten lenticular screens have been assembled,

‘three of which are the full 6-1/2" x 6-1/2" in size.
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Two of these are suffiéiently uniform and blemish free

to be considered as good test samples. One of them,

fsubjective and objective testing, especially in compari-
son with the Polacoat LS60 screen previously tested by
~us and reported on in III-C above. S=5 is to be dellvered

[}' , ‘ o - which will be called S-5 here, has undergone intensive
E: to the government along w1th this report.

1. Sub jective Testing
v A high quality projection arrangement was set
{3 . - - up as in Fig. 21. Magnification Was-lOX. The small
: Xenon source was effectively enlarged to fill a 1.5"
)

aperture at the projedtion lens by use of the dif-

fuser shown. The lenticular screen S-5 and the Pola-
cqar LS60 were mounted ih a slide so that each in
turn could be placed at the center'ofithe field where
the imagery was located. The screen displays were '
photographed on Polaroid 3000 speed film. Figures
22 and 23 show the superior performance of S-5.
Photoéraphs A and B of Fig. 22 show thebbrightness
advantage wheﬁ equal illumination is supplied to

' each screen from the projector. (Room lights out.)

Measurements show the lenticular screen 2.6 times

and D of Figure 22 show the improved rejection of
~directional ambient light. The light intensity

from the projector was adjusted to give equal viewed
brightness (7.5 fL) for both screens. Directioﬁal‘

ambient illumination of 125 fc was applied to both

screens., Preliminary m?asurements show 7:1 contrast
- for the lenticular screen and- 1.18:1 contrast for

the Polacoat LS60. The direction was chosen so

[: ' . "~ brighter than the Polacoat screen. Photographs C

that surface reflections'wére not measured. The
' -1

same Air Forcevtarget, ranging from Imn-1 to 228mm R

[] was used for all tests in Figs. 22 and 23. Thus,
[J ’_ _'_' it can be seen from Fig. 22 that although some
'~ small loss of contrast is shown in photograph C

(compared to A)' the 1st is much less than in
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A. Lenticular Screen B. Scattering Screen
(Corning Glass Wo§ks) . . (Polacoat LS60)
rightness comparison with

equal projector illumination.

C. Lenticular Screen D. Scattering Screen

(Corning 2%%?3 Wor (Polacoat LS%P)

len }T{ght rejection with equal viewe
brightness, 7.5 fL. Directional ambient
illumination 125 fc,.
Figure 22:
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A. Lenticular Screen B. Scattering Screen
(Corning G}s‘%sbs. Wo ksf, ) . . (Polacoat LS60)

mbien ight rejection with equal viewed
brightness, 7.5 fL, and ordinary room
illumination, 25 fc.

NN

C. Lenticular Screen i
(Corning Glass Works) D Scai(:I}:oelggggt Egé?oe)en

Resqlution with equal viewed brightness.
Projector magnification 10X, camera
magnification 1X.

Figure 23:

Ambient light rejection and resolution.
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photograph D of the scattering particlé screen.
Figure 23 A and B illustrates the retention of
contrast under ordihary room ambient light.

Projector illumination was adjusted to make the

Viewed brightness of both screens about equal at

- 7.5 fL. The room illuminatibn was 25 fc. Figures

23 C and D are actual size photographs of projected
'iMages, at equal VieWed_brightness and without -
—ambient light, to show the resolving power of the
' screens. Unfortunately, the various péproduction

stages mask the small difference in resolution

detectable by direct inspection. AverégingAthe
limiting Air Force target resolution as read by

;four observers with their unaided eyes gave 4.8

lines per millimeter for the lenticular screen

compared with 4.3 lines per millimeter forvthe‘

scattering particle screen. The use of a high £

number 10X magnifier gave 9.05 and 9.2 lineS'per
millimeter for the lenticular and scattering
screens respectively. Lateral motion of the
- screens at some 3 to 4 inches per second gave 16.5
“and 16.1 lines per millimeter” for the lenticular
and scattering screens respéctivély.

2, Summary of Objective Test Results

Table VI summarizes the objective test results

for the lenticular screen S-5 and the Polacoat LS-60

sample. Table III may be consulted for corresponding
recommended values.  Except as otherwise indicated,
all measurements were performed using 3_Cori‘_1ing~

- C.s. 3-71 color filter, one C.S. 1-69 color filter,

a detector with S-11 response, and a high pressure
Xenon arc source, The product of filter trans-
mittance and detector response is compared withv

the photopic eye response curve in Fig. 24. The

Xenon arg spectrum weights the total system spectral

(31 3 3 (T3 €2
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Table VI. Summary of Objective Test Results

3

Property Test Result
T 8-5 LS-60
1. Brightness Variation _ :
[j | ‘83:1*>horiz.' + 22° + 30°
© vert. + 24° + 30°
| [jv' diag. + 19.5° + 30°
' : Gradient (at 26 in) " 45%/in 6%/in
F'[} 2. Efficiency o _ S '
| o Tgo o 79.5% 49%
[] Tys | - | B 79% 40%
- Tyo L O e6% | 29%
' Maximum Gain "
D - Based on t&o;sided diffuser - 9.8
' Based on one-sided diffuser 4.9 1.7
D 3. Resolution |
‘  Sq. Wave 0 ! 1 ' 1
[] | Modulation o -1 2 0.91  0.98
- 10 mm~1 = 0.85 0.98
[J 4., Contrast Retention ] .
Ropec < 0.037% 4.6%
[j R 1% %
Qp small area 0.2% 0.63%
o large area 0.004% 0.12%
5. Color Fidelity | |
Trans. Spectrum - o - 6% 6% ‘:

(Variation, 450 - 650 my) | |
Color Var. with bend angle See Fig. 38
6. ‘Spurious Effects o '

See Fig. 39 and

Diffraction Pattern -
: ' : Appendices A and B.

Negligible Negligible

spec.

Scintillation Not measured

“ H - )
\ ’ :
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response somewhat towards the blue. The
measurements are discussed in detail in the

following sections.
Brightness Variation

The angular distribution of brightness was

measured on the goniophotometer described in

-P—19—30}vwith slight modifications. Spectral
_response was as given by Fig. 24. The cone of

- light falling on the sample converged at £/24.

The detector optics were arranged ‘to observe an.
0.3 mm diameter spot of the screen, with an
angular resolution of O, 6°

In the following descrlption of measurementsv

the screen is assumed to remain fixed in the

'orientation'in which it was designed to be used

i.e. with the masked horlzontal lenticules fac1ng

‘the source, Gonlophotometer scans were made and

various projector angles were simulated in the
horizontal, vertical, and diagonal planes, -Figuré.

25‘illustrates»the geometry used. The goniophoto-

meter was arranged to scan viewing angles e from

-45° to +45° with respect to the screen normal

The progector angle eP could be varied indepen-
dently in the same plane as the detector scan. In
thiS'case the bend angle BB = BV + ep

Figure 26 is the horizontal scan about the
center of the screen with zero projector angle.

The brightness nearly falls to zero at = 450 as it

-should. The maxima and minima are supposed to be

‘produced by very slight deviations of the lenticule

curvature. This angular distribution of brightness
has been found to be characteristic of all areas

of the screen and has been observed on a single

lenticule. Scanning electron microscope examination

{
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Fi'gure 25. Goniophotometer scanning geometry,-

g = 6y + 6p
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- of the lenticule cross section was performed but

the imperfections were so small that it was not

possible definitely to correlate them with the

. goniophotometer maxima and minima. Similar

examination of diamond ruling point cross sections
proved inconclusive also. Improved shaping of new
diamond points is planned. |

- Figures 26 through 29 refer to measurements

'at,the screen center. The sharper‘cutoffs at the

~edges of Fig. 27 are characteristic of the vertical

distribution, which is produced by the lenticules

'facing the light source. These are the masked

‘lenticules, and goniophotometer measurements on

masked and unmasked sets of lenticules have shown

that when the projector angle is zero, the presence

-0f the masking does not change the distribution,

i.e., substantially all the light is passing through
the clear portion of the mask.

The diagonal scan of Fig. 28 shows a slightly

' greater angular spread than the vertical or hori-
- zontal, a characteristic which is advantageous for

- a rectangular viewing volume.

In Figure 29 the effect of horizontal projector
angle is illustrated. Each curve is plotted versus
Viewing angle. The full angular width between 1/3
brightness points is actualiy>slightly greater than

for the case of zero projector angle. Total bend

angle for any given point can be obtained by alge-
braically adding eP'td:ev. The curve for §, = -8.5°
is approximately symmetrical about 6, = 8.5° and
similarly for 6 = +8.5%, That is, in the hori-
zontal plane the distribution is approximately

symmetrical'ébdut the projector axis, as in scatter-

ing screens.
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Figure 27: Angular distribution of brightness in vertical plane. Projector angle zero. Center of screen.
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In the vertical plane, however, the _
distribution can be affected by the masking when
'the progector angle is changed vertlcally. The
manner»1n which the mask was originally exposed'
was such as to simulats these projector angles,
with sufficiently wide clear areas to aliow some
mlsmatch between projector angle and pos1tlon on
the screen. Figure 30 illustrates the degree to

" which this technlque has succeeded A vertical
scan was made about a point 3” above the screen

center with a projector angle of 8.5° . For this

case the brightness is plotted versus bend angle

GB to exhibit the approximate Vertical_symmetry

3

about the projector axis. Similarly, Fig. 31
shows the diagonal case. Inasmuch as 8.5° islfhe
maximum vertical and horizontal‘projector angle
and l2o is the maximum diagonal projector angle

for a 303 x 30" screen 100" distant from the

3 o3

projector lens, these results demonstrate the

ﬁfea51b111ty of  the self—allgnlng masking tech-

3

nique for this case.

The brlghtness varlatlon parameter 93 ; can
be defined as the bend angle at which the bright-
ness falls to 1/3 its peak value. In view of the
near—stmetry it is convenient to take half the
full angle between 1/3 brightness points. Repre-
sentative values taken from the curves Qf'Figs,
26 through 33 appear in Table VI. The values for
LS-60 are taken from Figure 8, '

e

3

T
g
i
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4, Efficiency

Transmittances T9O; T45,fT3O, ana.TP werei'
measured by use of an integrating sphere, a Xenon
arc lamp, with the. system spectral response
described previously. A very narrow beam of
collimated incident light fell on the sample,
which was placed at the appropriate distance from
a circular or'square aperture in the integratihg
sphere. Taking the thickness aadlrefractive.index

of the substrate into account for each sample

(the LS-60 screen was placed with scattering layer
toward source, 1/4“ glass substrate toward-sphere),
rthe dlstance to the circular sphere aperture was
‘adjusted so that half-angle cones of + 90° i‘450,
and + 30° were collected by the sphere. ‘The:square.
:aperture collected A + 22° (across flats) square
pyramidal solid angle. The effieiency‘parameter TP
thus determined is most appropriate for the lenti-

. cular screen because of its rectangular light

. spreading characterlstlc.
5. Maximum Gain

A direct gain determination was.made by measur-
ing the ratio of the input illumination E to the
output luminance L. The brightness gain31vaer"
is given by L/E if L is in fL and E in fc' or by
ML/E if L is in 1m/ft? steradian and E in lm/ft2,

A small area A of the screen was illuminated by a
measured value of E. The same detector was then
used to measﬁre the illumination E’/ at a large °
distance r from the screen. Under these cichm—'_g

stances, the screen luminance is given by

L ='E'A/r2
and the brightness gain by
B = nr2 B’
- A © E °
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This definition of gain is based on a one-sided

' Lambertian diffuser model. ' The two-sided Lam-

. bertian‘model used in our previous work (P—19—30);
yields just twice this value. The maximum gain
for the lenticular screen occurs slightly off

- axis. Tablé VI contains the numerical results.

6. ° Resolution

‘As mentioned previously, the discrete naturé_
of the lenticules precludes the existence of a _
unique MTF except under dynamic scanning. However,
a suitably standardized square—wave‘or sine-wave
modulafion measurement can be useful in Comparing
screens and serves as an objective analog. to the
more subjeétive 1imit;of~resolution determinations
using Air Force resolution targets. |

- Contact square-wave modulation was measured
using a tést farget, manufactured by Diffraction
Limited, Inc., having for each spatial frequency
a set of 15 clear bars alternating with 15 opaque
bars of the same width. The bar aspect ratio was

. 10:1. Figure 34 shows the optical arrangement
which was designed to simulate incident projector
light and the écceptance angle of.the eye pupil
as nearly as practicable, L; was set at the £/22
stop which gave an actual convergence of f/44.
L2lwas also set ‘at the £/22 stop yielding an
actual acceptance cone of £/25. A smaller ac-

- ceptance cone reddéed the detected power intoler-

© ..ably and produced diffraction spreading.

Under the £/44, £/25 conditions the image of
the screen formed at the detector appeared as in
Fig. 35, where the crdss~hatched and clear bars

1

represent the 6.7 mm ~ test target bars.  The

‘detector slit was parallel to the target bars and
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Bar Wiotn 785 (6.7 mm"")

Lewricora Spac """7

Figure 35. Superposition of test pattern on array of
approximately point samples produced by screen.
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scanned transversely. It wiil now belappreciated
‘why the modulation depends on the slit width, the
:angle between lenticules and bars and the pfecise
location of the test target with respect to the
array. | ‘
Modulatlon values were obtained at 1, 5, and

10 mm -1 ‘using narrow and wide slits, Although
hlgher modulation values were obtalned with narrow
slits, the dependence on p051t10n and angle was
stronger.. Results which varied only a few per-

_ cent upon translating the bar target were obtained
busing a slit width equal to one half the single

. bar width. These values are reported inATable VII
for various target - lenticuie angdlar orientations
and representative combinations of projector angle’
and pend angle as previously defined in Fig. 25.

Each modulatlon value is the average result for

a given translatlonalipos1tlon modulation depths
for 5 bar pairs were obtained and averaged. The
modulation of the measuring syetem itself was de-
termined by removing the screen and placing a ‘
diffuser behind the target in the position shown
in Fig. 34. This was done in order to £ill the
'aperture of L2 in approximately the same manner
with and without the sample. The baffle 1nd1cated-
in the Fig. minimized trapped and stray light.
'In all cases the modulation at 1 mm -1 was essen-
tially unity both for s-5 and LS-60. _
The minimum value of modulation at 450 orien-
tation is probably a true trend, as it was more
dramatic with narrow slits and at 10 ™ than

for the 5 mm—l, wide slit, data shown. The value

B
C
i
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i
i
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C
J
I
J
C
)
U
i
i
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v.66 _ © P-19- 53, 54,
. 55 dnd 56

_Table VII. Square-wave MbdulationjVaiues;
‘ For The Lenticular Screen S$S-5

Spatial - : -
Frequency Orientation ep QB - Modulation

.5 mm—l L o®

o o0 . 0.96
s 0 . 0 . o,g@ﬂ
200 o 0 © 0.04
300 0 0 . 0.93
450 | o o 0. 02
600 N o o 0.92

00° 0 o 0.94

120 30 " 0.94

, -1 . o ' .
10 mm - 0° 0 0 1.05

459 _ o o 0 ' '0.88 average

0.91 maximum

0.85 minimum

C
C
i
i
C
C
C
LI w1 oms
)
C
I
C
C
i
C

L
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of 1.05 for 10 mm"l at 0° orientation is a
symptom of the fact that all the details of
" this optical system are not yet fully under-

stood: A value of 1.00 would not be .unexpected

for perfect alignment of mask with lenticules,

but this apparent contrast enhancement must be

'[iD

a- defect of the system.

With wide slits as above the LS~60 sample
provided modulation of 0.98 at both 5 and 10 mm lcﬂ
With narrow slits, values of 1.0 at 5 mm~ T and
0.95 at 10 mn T were obtained. Previous measure-
ments (refer to Table V) using a 50 mm Westanar
'lens for L

and 0.92, respectively. These variations provide

and a narrow slit had yielded 0.96

- a rather accurate picture of the modulation
measurement status: cemparative results can be
quite precise but the absolute values depend on
measurement conditions, some controlled and some
not controlled. _

~In conneetion with the last statement, it may
be instructive to cite some prejeeted, as con-

trasted with contact, square-curve modulation

data obtained with the aid of the projector
pictured in Fig. 21. A small portion of the
Diffraction Limited test target was projected at

10X maqnlflcatlon onto the sample screen. and a,

a3

Westanar 50 mm camera lens was used to project
the screen dlsplay>at 10X magnification onto the
- slit plane. The slit was much narrower than a
target baf° System modulationbwas determined
with screen removed and the ratio of screen

modulation to system modulation calculated.

3 C3D 32

) T3
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~ Results for 533 mu wavelength, 45° lenticule ‘
.orientatibn, and an £/18 acceptance cone at Lz;
are tabulated below. While it may not be '
strictly valid to divide by the no-screen modula-
tion, it is réassuring to find projected modula-

tion depths approaching the contact values.

Modulation screen mod,/system mod.
. 1 o1 5 mm™1 10 mm~? 1 mm_l 5 mn™' 10 mm”
System  0.975 0.905 0.730 | .
(no screen) o ‘ : . :
S-5 " 0.975 0.770 0.330 1.00  0.85  0.45
15-60 0.965 0.750 . 0,520 © 0.99 0.83 0,71

7. Contrast. Retent ion

Specular reflectance R interpreted as the

- ’
zeroth reflectedvdiffractiZﬁegrder; was determined
by using the lenticular screen as . a reflection
grating in an optical system which was equivalent
to a grating spectrometer. The zeroth order was
easily isolated and the power measured comparéd
to the power detected when the screen was re-
placed‘by a>mirror; The expected low ratios Were.
obtained, 0.037% for the lenticules in the plane
of incidencel_0,018% for lenticules perpendicular’
to thé plane of incidence, and 0.02% for lenticules

Cat 45° to the plane of incidence. LS-60 yielded

' the reasonable value of 4.6%. The angle of -
incidence in all cases was.330.

Diffuse reflectanée was measured in a Beckman
DK-2 Spectroreflectometer and was 7% throughout
the visible spectrum. A sample with no masking

measured 12.5% diffuse reflectance;

Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 : CIA-RDP79B00873A001900010117-5

1.




Declassmed in Part - Sanitized Copy Approved for Release 2012/09/06 CIA RDP79800873A0019000101 17- 5

69

i
b | o |
Trapped light was investigated with the
C} apparatus of Fig. 36. The principle of the
measuremeht is the same as eXplained in detail
[] 1n P-19-39., 1In the new setup the angular A A
acceptance of the rece1v1ng lens is much smaller°
The exceedlngly low Qs value reported in Table VI
[: for S-5 demonstrates that although trapped llght
can Vlsually be seen to propagate within the
[] screen, very little of it escapes in the axial
‘direction. When the 1" disk was replaced by a.
[] 1 mm x 1 mm square and the 1/2" diameter hole by
almmzx1 mm_hole, the ratiosvrose to 0.2% for
[] - S-5 and 0.63% for LS-60. Thus in both screens
_ . o there is evidently a strong dependence of:qT on"'
E}' - , | spatial frequency. This suggests that a more -
e systematic approach to the trapped and ambient
| ' - light problem would be modulation measuremente
E] in the presence of controlled trapped and ambient
light. |
D 8.  Color Fidelity
[] The materlal transmlttance spectra of a small
lentlcular sample and a small LS-60 sample which
could be accommodated by the Beckman DK-2 Spectro-
EJ reflectometer appear in Fig. 37. , '
The color variation with bend angle is revealed
[j by'two monochromatic goniophotometer scans in Fig.
38 for a sihgle set of lenticules, curved surfaces
E} facihg the source. The shift in locations of the
maxima and minima for the -400 md4 light as.compared
[: with the 589 mu light are thooght to give.riée to
observed broad color bands, although this hae'notd
i
)

yet been firmly established.

i
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Figure 36: Optical arrangement for trapped light measurement.
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9. . Optlcal Quallty and Extraneous Effects

The central several orders of the dlffractlon
pattern were investigated to determine how the
A zeroth order compared in 1nten51ty w1th the others.

An arrangement equlvalent to a transmission grating

as grating and sufficient resolution to distin-
guishfthe_orders. Source filters, and detector
were as in Fig. 24. The result of scanning across
these orders can be seen in Fig. 39. The gonlo—‘
.photometer_curve is shown for comparison, There
is evidently no promiﬁence of the zeroth order}
which prbminence might be considered as a type
of specular transmittance.
Thus far, scintillation and bptical uniformity
have been observed only Visually; However, scanning

electron photomicrographs were made to determine

[J‘- o | : | ~ spectrometer was set up with the lenticular screen

what defects might be present in the epoxy lenti-
cules and the polypropylene molds. Figure 40A
shows the epoxy lenticule cross section. Figures
40B and C’are photomicrographs taken along the
lenticules or grooves at an angle of 75°, This
" technique shows up on undulation in the groove
depth (or lenticule height) which we believe to
be associated with chatter of the diamond point
during ruling of the aluminum master. Removal of
theee undulations in future rulings is expected to

D

i

D

B . | reduee sAcirit'rllatiorr.v,.
C - e

)

)

)
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: Figure 4Q: Scanning electron photomicrographs. -

; A. Cross section of epoxy lenticules on 2-mil poly-
! ester sheet.

| B.. Single epoxy lanticule viewed at 75° to the

| substrate normal. v 5

! C. Polypropylene mold near cusp, viewed at 75+,
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' Ve POTEN’I‘IAL FOR IMPROVEMFNT OF LENTICULAR SCREENS

Whlle the fea81b111ty and superior-performance
have been demonstrated, the fea81b111ty sample
exhibits some defects and design imperfections,'
Methods of overcoming the defects and improvinge

the design have been conceived in most cases.

C

C

J

[:“v~.“ - ' The diffraction pattern is an obvious and serious

A ‘ o defect This ‘pattern and 1ts visibility under

G various viewing conditions is analyzed in some
depth in Appendix A. The solution is to.randomize

E the vertexes of the lenticules,‘ as discussed and
analyzed in Appendix B, and perhaps to slightly
modify the shape of the projectiOn lens joupilo

C] ‘'There is no real doubt that the diffraction‘pattern‘

can be sufficiently suppressed but data on the

(-

light distribution in the projection lens pupil
and on color film that might be used is needed to
ensure that sufficient suppression is provided.
Considerable computation will be needed to select

and verify a suitable "randomization" pattern.

(2 3

This pattern must be chosen for compatibility with

- the machine used to make the initial ruling. The

2

machine used to make the feasibility sample can
provide multiples of 10 microinches of depth con-
trol. '

When the screen is illuminated by a projector
with an'empty gate a slight scintillation is
apparente ‘This is due primarily to irregularities

in the lenticules as seen in Fig. 40 . These ir-

2 3 2

regularities originate in the ruling. Therefore

: 1mprov1ng the rullng by better shaped diamonds

3

and lower cuttlng speeds will reduce tho SCJntlllatlon
somewhat. Control of the thickness of epoxy between

the mold cusps and photographic film will also help.

3 3 €7
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Careful photographic pfocéSsingtand reversing
will prevent photographic graininess in the
lenticule windows. ’ I
The angular coverageAis'less than desirable;
More.optical analyéis of various'shapes of
lenticules,-the th sets being of different shapes,
s _ L is needed_to provide a design to‘give the required
| ‘ coverage and degree of brighfness variation and to
give satisfactory masking. The optical design
must be.tailored to the projector and viewing
geometry fequirements for best results,> Ourb
current knowledge of these re@uirements indicates
that an elliptical lenticule shape of minor to
major axis diameter of 0;7551 is réquired for the
ienticules facing the projection lehso The éharp
end of the ellipse faces the projectidn lens.
 Projector light is focused sharply at the second
focus of the éllipsenwhere the mask is located.
For 0.,002" lenticule pitch and to proVide the re-
quired angﬁlér coverage a thinner film‘is needed.
A suitable film on 0.0015" Estar® base is avail-

able from Kodak against a special order. A special

machine to finish diamonds to Shape is desirable

and can be built. This machine should be able

to finish the diamond to any smooth chvexfCurve'v
reguired. 1In géneral'it is desirable to increase
the refractive index of the lenticules, particularly
the second set, to reduce the curvature needed to
obtain the iight.épreading required., VA tailored
design will automatically minimize the trapped

light as will the narrower windows permissible

with the elliptically shaped lenticules which

correct for spherical aberration.

(3 €3 C3
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€D

Light transmission will be maximized by the
tailoréd'optical design and provision of anti-
reflection coatings will bOth‘feduCe'surface_
reflection and increase transmissiono Plastic =~
lenticules will permit only soft coatings which
require careful handling and cleaning,‘.

. The 1rregular1t3es 1n the angular dlstrlbu—
tlon curves, Figs. 26 through 33, are believed |
to be associated with minor imperfection in
shaplng of the diamonds. Shaplng can be . 1mproved
by building a special diamond flnlshlng machine.
The irregularities vary slightly with wavelength,
Fig. 38 correlating with therved color bands;

Tt is noticeable that the color bands due to the

masked lenticule set are limited to the edge of

the angular coverage whereas the bands due to the

€D

second set of lenticules extend over more of the

total angular coverage. The exact origin of the

3

bands is not known but if the origin is in the.
lenticule shape, improvementshwill eliminate the

" color bands. Another cure will have to be devised

shape.

Methods of achieving a size of 30v x 30" are

E] - ‘ N . if the color band origin is not in the lenticule

. an important consideration. The maximum sizéd
ruling area of 15" x 18" available fromithe ex—
[: 'isting machine limits:the size. of tHe" ‘current

‘ fabrication method to 15" x 15“° Modified handjlng
[] of the existing'machine-can result in 15" x 30"
rulings. By parqueting two nickel replicas a -
[: nickel ruling of 30" x 30" can be generated°
Further minor changes can produce 31" x 31" nickel

' o - rulings. Adequate width f£ilm can be ordered and
[j - | ' no difficulty in 1bcating a large heated platen
C
i
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polypropylene molding machiﬁe is expected. It

would be possible to build a version of the
present ruling engine capable df ruling 31" x 31"
at a practical cost in about one year. Thus,

: generally the present method can be stretched to

refractive index avajlable with glass it is
adv1sable to 1nvest1gate the feasibility of glass

-vlentlcular screens. The advantages are most
significant for the lenticules facing the viewer
so that a plastic masked lenticule set combined
with a glass unmasked lenticule set may be a good
combination., '

(: ’ : , 31" x 31". Because of the toughness and highef

VI. CONCLUSIONS

[j I : Work on the 2-mil plastic crossed cylindrical
| lenticular screen approach has sufficiently progressed

that we belieVe’the-fabrication and use of such screens

3

in a 30" x 30" size to be practicable. Superior per-

formance has been demonstrated in 6" x 6”'feasibility

€

samples. These screens are more than twice as bright
as the best competing,conventional diffusing-type
SCreens, retain contrast, and therefore reéolution,
much better under ambient light, and have_nearly

as high resolution. Increasing the anguiar coverage,
improving the optical quality, and éliminating the -
diffraction pattern and other spurious effects ap-
pears feasible. Glass éhbuld be investiﬁated as

an alternative material because of its versatility

- with respect to refractive index, durability and

other physical properties°

€3
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o APPENDIX A

" Diffraction Effects in Lenticular Rear-Projection Screens

As a'modelﬁfor a two—dimensional lenticular rear—projeetiOni
screen we con51der a square opaque screen which contalns a large
number of identical and similarly orlented small apertureso The
apertures are centered on a matrix of p01nts (xn, Yo ), n,m =0, 1

+ o « o« N-1, so that the total number of apertures 1s N2v and the

- spacing between adjacent p01nts is 4. (see Flg.-Al), Light of
wavelength A from a monochromatic point source at P (xo,y ,zé)
is incident on the screen, whlch is in the X-y plane and the>
dlffracted light is observed at the p01nt P(x,v,2). Eaeh‘smail

oaperture has an amplltude dlffractlon pattern which we denote by
U, (p,a,)), where p—l~lo, g=m-m_, and the first two dlrectlon co- |
.sines for PO and ? are 1o=cos‘ao, moecos.so,.l=eospa,'and m=cos B .

Now when light from Pd_is incident on the screen, the field

i

C3 €3 C3 C3 3

amplitude at point P due to light diffracted by a small aperture

: , L1
at (xn, ym) is

o | _ ik (px_ + qy._) :
Uim (p, q, k) =Ug e n m ) (1)

where k = 21/\. 1In eq. (1) we have assumed Praunhofer diffrac—
tion and have omitted'constaht'phase terms; since these will
not affect the field intensity. To get the total amplitude at -

point P we sum over all the small apertures:

N-1 1 , '
. Ak(px_+qy, ) o
Up,q,n) = Uaﬁi E: e T - (2)

tj 1. For numbered references see page VII -~ 9, ,
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'Figure Al. Model for calcﬁlating the diffraction pattern of a
"lenticular screen.
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VII - 3
Now we have x ‘= nd and ym = md, so that eq; (2) becomes
N-1 .

U(p,g,}() = U-azl

n=o

1nkdp 5: 1mkdq
(3)

If the sums are performed in eq. (3), the definitions of p and

-q used, and the modulus of U is taken, we'get the field intensity

Sinzf%Nﬁd(l-l'ﬂ éi 2 ((%Nka(m_ Oﬂ

I(1,m,1,,m ,\)=I_(1-1_,m-m_,%)

sin (/kd(l 1 ﬂ 2 (/kd(m~m ﬂ
qu (4) gives the field inﬁensity in direction (1,m) due.to a
mohochromatic point;source (wavelength,x) located by (1O;mo).
The field ihtensity I is ih fact the Fraunhofer diffraqtion
pattern of a two—dimensional diffracfion grating'consisting

of N x N apertures; ea;h of which has diffraction pattern I,-
_1n general Ia is broad in angular extent so\that it serves as

the envelope of the diffraction pattern I and determines the

maximum viewing angle of the screen.

The principal maxima of I occur at observation directions

(1,m) which satisfy both

and ' o - , (5)
m-m =k, %; k,=0,1,2, . . . .

The angular width of these maxima 1s approximately -

o~ A ' ‘ .
A T Rg Y

and is very small for large N and d. From eq. (4) we find

that the height of these maxima is'about-N4Ia| and the

max’® -’

" remainder of the pattern is only a few percent of this, so

that the pattern modulation is large.
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Lentlcular,screen dlffractlon
pattern w1th .small- prOJectlon
lens pupll ani narrow—band A

pattern w1th small square pro"
Jectlon lens pupll oy

’Lenticular screen diffraction
pattern%smoothed by a large
projection lens pupil.
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VII - 4

/I R

A photograph of the diffraction pattern I of a lenticular

S

screen with d ~ 50 microns and N ~ 3000 is shown in Fig. A2.
This photograbh is. essentlally a v1sual representatlon of eq° (4).
The dlffractlon pattern is a v1rtua] 1mage that appears to

emanate from the V1c1n1ty of the “p01nt" source, which was

obtained by inserting a small aperture in the exit pupil of the

-3

prOJectlon lens in a conventlonal prOJectlon system Narrow5 '

band llght centered at ) = Q.53 mlcrons was obtained by asing an

interference type bandpass filter; Each spot in the pattern_mayv
“ be'considered as a separate iﬁage of the point source,

Now under normal conditions of use, the screen will be

-‘illuminated by a broadband, extended virtual source which appears

in the exit pupil of the projection lens. First, consider the

-

‘effect on the diffraction pattern of an eXtended, incoherent

3

- source. The source may be viewed as composed of a large number

of point sources, each of which generates a diffraction pattern -

32

given by‘eqo.(4)u The total intensity is just a superposition
of the intensities due to each of the point sources. Therefore

if we let Bs(lo,mo,x) represent the intensity distribution of

the virtual source in the projection lens exit pupil, the total

1nten31ty is

3

o o0°?

T, (1,m,) del de(lOmx)I(lmlmx) B

proj. lens
pupil.

where I is given in eq. (4). The Jntegral in eq. (7) can be

evaluated numerlcally, but for our purpo ses the generai features

‘3 32 3

of the result are adequate. Study of egs. (5) indicates that as

€3
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the location of the point source (1_, m,) changes to (1,+5, mo%é),

then the location of the maxima in the diffraction pattern shift

m_) ranges over the lens

from (1, m) to (1+6, m+d). Thus if (lo, 5

ex1t pupll we see that each of the maxima maps out an image of
the exit pupil. So we expect the diffraction pattern to con81st
of an array of 1mages of the prOJectlon lens exit pupll.,-Flgure

A3 a photograph of the diffraction pattern'when a square aper-

ture was inserted in the exit pupil,. verifies this.” This is a

-useful result becauSe now we see that by increasing the angular

size of the lens exit pupll we can begln to flll in the dark

areas between the principal maxima, If the exit pupil is made

.large enough, the various images of‘the pupil overlap, smoothing

out the intensity variations in the diffraction pattern and thus
decrea81ng the modulation. This is shown in Fig. A4,
Next, the effect of a broadband source can be computed in

pr1nc1ple by multlplytng Il by the source spectral dlstrlbutlon

S(\) and 1ntegrat3ng over ) :

12(1,m)_=dex S() I, (l,m,x)“ | B .K8)

- As before we can obtain the general features of this result

without actual evaluation. From egqs. (5), when ) changes'by

:'éx, the maxima of the dlffractlon pattern move from (1,m) ‘to

kg Ko

(1 + SN, m +—=% 83 ). Thus each wavelength component of
a d

the source gives rise to a dlffractlon pattern whlch is angularly

dlsplaced compared to the patterns due to other wavelengths.

~ Thus for a broadband, extended-source, the diffraction pattern

- Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 : CIA-RDP79B00873A001900010117-5



1
Declassified in Part - Sanitized Copy Approved for Release 2012/09/06 : CIA-RDP79B00873A001900010117-5

- 3B P s e,
« o & .
vi S e s e

EEE Y U I R S R

LI |}

« BB E Y PSP -
LI N TR ST A

Figure AS

Lenticular screen diffraction
pattern due to white light -
with a small projection lens

pupil.
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Figure A6

"l .Ill—l : The diffraction pattern due to
LN white light and small pupil is
m” ; out of focus when the camera
is focused on imagery.
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' I I 0 "I .I'llllgz', Figure A7
o) | | (
""’-"' ll'|l153 " The diffraction pattern is not
- 4"'" "' +H visible when a large pupil and
, s=M white light are used and the
B & =m, = —l camera is focused on imagery.
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-3

con51sts of the superp051tlon of many arrays of ex1t pupil
images, With one array for each wavelength component of the
~source. Also from eqse (5), we see that the Spacing of:the -

pupil images increases with ) and that long wavelength images'

should be located farther from the center of the pattern than
corresponding short wavelengtn imagese -At the pattern center

ki = o.=-k2 [ (see eq. (5)1, the.wavelength dependence vanishes,
and a single white image of the exit pupil appears. All this
vis»verified by the'photograph in Fig. A5 whioh shows the screen
diffraotion pattern for a broadband source.With a small circular
aperture pleced in the lens exit pupil No attempt was made to
match the film spectral response to that of the eye but the .

general trends are evident.

The photographs in Figs. A2, A3;'A4 and A5 were made with
" no imagefy on the lenticular soreen and with the camera focused
ion the diffraction patternc Since the diffraction pattern ap-
pears as a.virtual image near the ptojection lens exit pupil,
the diffraction pattern and any screen imagery cannot in general
be simultaneously focused by any imaging instrument such as a
oamera or .the eyeo-'Fignre A6.is a photograph of a‘lenticnlar_
‘screen with imagery. This is a worst case, since a‘small apere

ture was placed in the projection lens exit pupil to generate '

-a diffraction pattern identical to that shown in Fig. AS5. How-

ever,‘in Fig. A6 the camera was focused on the screen imagery,

3

and so the diffraction pattern was defocused considerably.

3 3
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Figure A7 is a color photograph made under similar éonditions,
except that the leps exit pupil was made large so that con-
siderable Qverlapping'of the pﬁpii images in the diffraction
patfefn occurred., Figure A7 shows that the combined effect of
pupil imége o&erlap and défocusing of the diffractipn pattern.
is that the moduiation and color in the diffraction pattern are

much less noticeable.

We can get ah estimate of the amount of defocusing of the

3

diffraction pattern, as seen by an observer, by'utilizing the

geometrical opﬁics expression for the modulation transfér

2,

D

 function (MTF) of a defocused, ideal lens

2J1 (ﬁBv) .
MTF (v) = e o (9)

where J1 is the first order Bessel function; B is the diameter

of the blur circle~produced'by defocusing, and v is the spatial

3 13 3D

frequency.. In our case the lens under consideration is that of

the human eye. Newton's formula for the conjugate points of a

3

compound lens is3

u.;; D ’
X
b
il
'—h
l—h

10y

where f1 = first focal lenéth, f2 = second focal length, |

X =Aobject disﬁance ﬁeasurea from first focal plane,.and x! =
image distance measu:ed from éecond fbcal plane,: For the human
eye we have fl =-17 mm and f2 = .23 mm,’approximately4; Also,

“the pupil diameter of the eye is D = 4 mm typically, and the

3 (3 ¢33 3

image space refractive index is n = 1.33, the refractive index

of the vitreous humor,]'
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For an observer with eyes focused on screen imagery at a

distance of xif=.254'mm (10"), we calculate from eq. (10) that

x'; = 1.5 mm, Assuming that the distance from the observer to

the:projection lens exit pupil is Xg = 3 m, then for the dif-

fraction pattern eq. (10) gives'xd’ = 0.1 mm. The defocusing

distance is then § = X, - Xg = 1.4 mm. The distance § is
- 1

' large enough so that'the_optical path difference to different:

regions of the blur circle exceeds one wavelength, thereby

'juStifying.our geometrical optics approach., The blur circle

diameter is given by.

M £ = 0.24 mm “ (11)
: 2 , - _

B

If the screen has lenticule Sﬁacing d = 50 y, and we take

light wavelength A = 0.5 u, then the diffraction pattern

maxima are angularly spaced by ae': —%—'radians, The spatial

frequency of the diffraction pattern image in the eye is then
n - nd

v = = = 5.9 cycleé/mm (12)
V= F £ 000 S .

The MTF of the eye for this defocused diffraction pattern is

then . ‘
' 27, (@) (0.24) (5.9)

: ) o A
(7) (0.24) (5.9) = - 0°19 (13)

MTF (5.9) =
Thus defocusing reduces the perceivédvdiffraction modulation
to.only 10%-df its actual value, and so the pattern modulation

is much less noticeable in Figs; A6 and A7. The minus sign in

"eqo (13) indicates that the defocused image has undergone con-

trast reversal.
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As a second example, suppose the'ebserver is farther from

'get
MTF (5.9) = 0.51 . _ (14)

For this case the percelved modulatlon remains at 51% of its

B

o

3' ~ the screeh, say 508 mm (20%), Then’using ere-(9) — (12) we
1 “actual value. This indicates that the farther the observer

~is from the screen, the more noticeable the diffraction pattern

will be. It w1ll also be apprec1ated that the use of a magni-

E fler to 1nspect 1magery will suppress the dlffractlon pattern,

3
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APPENDIX B

Analysis of Lenticule Periodicity

Theunecessity of randomizing a fine lenticular.array in
‘order to.break up”the diffraction spectrum was recognized eariy
in the lenticular screen program° Practically it is easier,.and
may be sufficient, merelyvto.modify the periodicity of thelarray.
-We found that a'250—micron epaclng produced no ObServable dif-

fraction effectsvand a 50-micron spacing did produce an'Observable' '

oase reSults mainly from its wide lenticule spacing, which produces
orders of diffraction too'closely spaced for visual obserVation
-exoept under highly coherent conditions. If a suifable 250-_micron
periodicity can be superimposed on the SOfmicron periodicitylof
the fine lenticular array, the diffraction orders becoﬁe five
times more closely spaced. ”

A s1mple way of 1ncrea51ng the perlod of the array is to
vary the lentlcule helght keeplng the shape and spacing constant.
For example a sequence of five different heights, repeated acrosslA

[} L diffraction pattern. The absence of the pattern in the 250fmicron

the array yields a five-fold increase in pericd. In the parlance

of diffraction grating theory,.height variation is superior to
espacing'variation because spacing variation alone allows a strong
zeroth order, or "central image", to remain, while height varia-
tion allows its control along with the other orders.
The’multlply perlodlc'lentlcular array thus fashioned can

be thought of as a superposition of five identical lenticular'

0
C
il
i
C
D
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gratings, each of period 5 w as shown in Fig. Bl. _Each
grating is suitably'displaced both along'Z and along the normal,

The spa01ng of lentlcules 1s unlformly w and we neqlect the

-,««

- small dlfferences in lentlcule width. To simplify the analy51s

we treat the case of a one- dlmen51onal gratlng w1th normally

incident 1light, under Fraunhofer conditions. That is, the

incident light is collimated and the diffracted light is‘observed

in the focal plane of a lens placed near the grating.

In Flg B2 are illustrated the optical paths traversed
by rays refracted at the same angle 9 at correspondlng pOSlthhS

of two lenticules separated by a dlstance mw. The difference in

'optlcal path is given by

— W

Apﬁ T cos g M0 5 +tna, Wh}Cﬁ reduces te |
= mw + (n - cos 8) (1)
,Apm = mw;sinve + (n - cos 0) a.

where n is the refractive index of tha lenticular material
with respect to air,am is the difference in lenticule height,

and m = 0, 1, 2, 3, 4. The phase difference is then

' 21 A o : ' Ca ‘ ’
P = 5 |™w sin 6 f Kn ~ COSs 6)'am] radians. ‘(2)

The Oth lenticule of Figure B2 is one element of a Oth
grating'of period 5 w and the mth lenticule is one element of

an mth order grating of period 5 w. The path difference given

by Eg. (1) applies also to the entire Oth and mth gratings.

For a given Value‘of,B, the mth grating anplitude transmission
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function can be represented by

T Z 6 (z -5 wq) , : (3)
which is a good approximation when many lenticules are in-

cluded. The amplitude distribution in the mth diffraction

pattern is ®

o ' - 2 Tiyz '-
AL ) =] T (2) e - dz
=gl v o), - )
V'_where Yy = 5 . » , - (5)
The resultant ampli‘tude distribution for all 5 grétings is

the sum, with appropriate phase shifts__frbm Eq. (2):
Ay =LA () e M o ()

Since A (y) is the same for all m, this can be written

AW =2an (3 B (y) S
‘Wwhere B (y) =Z e “¥n . | , - (8)
' m=o - '

The dirac comb A (y) results from the 'perio&iéity of the

gratings and restricts the pattern to ‘che‘ﬁdivscvrete directions
satisfying y = g/5w. The phase differences then become

A - : _
@, T 2T r_gg + (n - co“s"e) X-YE R : S '(9?-
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The ealculation of the'relative amplitude'for a given angle 0
§;§*ﬁ = q/5w,

u51ng phases given by Eq. (9)3 The relatlve 1nten51ty is

amounts to the evaluatlon of |B(y)| for y =

.then proportional to |B(y)|2 multiplied by the geometrical

optics intensity»énvelope provided by goniophotometer measure-
ments. Obviously this analysis can be applied to any periodicity
desired. Conveniently, a computer program can be written to

evaluate |B y)l2 This evaluation can be performed as a function.

,'of wavelength to determlne color effects Generally equal in-

tensity for all dlffractlon orders end»little variation with

wavelength is desired.
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. Figure Bl. .Cross section of multiply periodic cylindrical, lentiéular
o array. Height variations exaggerated.
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|
.

Figure B2. Geometry for.det_eirmining optical path
: differences between Oth and mth lenticules.
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